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Available online xxxxAmmonia aomoriensis (Asano 1951) was isolated from 78 samples collected from the Yellow Sea and East China
Sea during 2010 to 2014. The species exhibits dimorphism(microspheric andmegalospheric forms) anddifferent
coiling directions (dextral and sinistral). A fragment of SSU rDNA was sequenced for four specimens of
A. aomoriensis exhibiting different morphologies (dextral vs. sinistral, microspheric vs. megalospheric). Our
results show that A. aomoriensis from our study sites branch within previously obtained sequences of the same
species. In order to test whether morphological differences are environmentally controlled we investigated
667 specimens from Qingdao and Jiaozhou Bay among which 290 were right coiled (dextral) and 377 were left
coiled (sinistral). Similarly, 525 were microspheric and 142 were megalospheric. A correlation coefﬁcient was
computed to evaluate the relationship between foraminiferal morphology (dimorphism and coiling direction)
and environmental parameters (temperature and salinity). A signiﬁcant positive correlation was detected
between the ratio of microspheric/megalospheric forms and salinity (r = 0.719, p b 0.001). No correlation was
detected between morphological variations and temperature. Our ﬁndings suggest that the ratio of
microspheric/megalospheric forms in A. aomoriensis can be used to infer past salinity conditions (and
thus fresh water inﬂux) in study areas off China.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).Keywords:
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The Yellow Sea1. Introduction
Foraminifera are widely used to reconstruct past climatic changes
(e.g. Vincent and Berger, 1981; Nigam, 1986; Nigam and Rao, 1987;
Darling et al., 2006). Like many organisms such as gastropods, a lot of
foraminifera exhibit dimorphism and show differences in coiling
direction (Steuerwald and Clark, 1972). Many trochospiral foraminifera
possess asymmetric tests in which chambers are arranged in a cone like
spiral. The spiral may either be coiled in an anticlockwise, sinistral (left
handed) or in a clockwise, dextral (right handed) fashion. Changes
in coiling direction are the most commonly studied morphological
variable exhibited by foraminifera (e.g. Scott, 1974; Boltovskoy et al.,
1991; Nigam and Khare, 1992) and attempts were made to use it as
an indicator of past climatic changes. Most climatic studies arephy, SOA, 266061 Qingdao, PR
org.cn (T. Li).
. This is an open access article under
nmental signiﬁcance of morp
aeogeogr. Palaeoclimatol. Palacentered on coiling directions in planktonic foraminifera (Kennett
and Huddlestun, 1972; Kennett, 1976).
At the same time, it has been suggested that coilingpreferencemight
be a function of reproductive mode rather than temperature or depth
(Boltovskoy and Wright, 1976). Darling et al. (2006) and Vella (1974)
studied coiling directions in Neogloboquadrina pachyderma and
concluded that differently coiled specimens should be considered as
separate species (N. pachyderma and Neogloboquadrina incompta).
Nigamand Rao (1989) andNigamandKhare (1992), studied reciprocity
between coiling direction and dimorphic reproduction based on
Rotalidium annectens (Parker and Jones, 1865) from the Arabian Sea
and proposed a relationship between these two variables although
they concluded that further investigations on different species were
necessary to obtain a larger database. Such a relationship has also been
suggested for Asterorotalia inﬂata from the shelf region off Myanmar,
Bay of Bengal (Panchang and Nigam, 2012).
Several studies have shown that dimorphic forms (microspheric/
megalospheric) are governed by environmental factors such asthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
hological variations in the foraminifer Ammonia aomoriensis (Asano,
eoecol. (2016), http://dx.doi.org/10.1016/j.palaeo.2016.05.010
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was proposed that dimorphic ratios or mean proloculus size (MPS)
as manifestation of dimorphism can be used as an additional
tool for paleoclimatic reconstructions (Nigam and Khare, 1992;
Saraswat et al., 2011; Panchang and Nigam, 2012, etc.). There are
several studies published on the environmental control of dimor-
phism and coiling directions in foraminifera that were used to recon-
struct past monsoonal conditions over the East Arabian Sea, and the
Bay of Bengal including the Myanmar Sea (Nigam and Rao, 1987;
Panchang and Nigam, 2012).
The benthic foraminifer Ammonia aomoriensis is a common
and abundant species in intertidal bays in the Yellow Sea and EastC
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Fig. 1. Location of sampling stations and distribution of Ammonia aomoriensis in the Bohai Sea, th
The Jiaozhou Bay and the Qingdao Bay. C, 2012 Autumn Cruise. D, 2014 Spring Cruise.
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directions and dimorphisms and thus offers a unique opportunity
to test the hypothesis of possible inter-relationship of environmental
and morphological parameters and their individual and/or collective
application in paleoclimatic reconstructions, which is the objective
of the present study. A molecular and morphological characteriza-
tion of A. aomoriensis has been published by Hayward et al., 2004.
In order to conﬁrm the species status of A. aomoriensis we extracted
DNA of four individuals with different morphologies. We ampliﬁed
and sequenced a fragment of the SSU rDNA. Our molecular analysis
clearly shows that the investigated specimens branch within the
A. aomoriensis clade.A
D
B
e Jiaozhou Bay, theQingdao Bay, the Yellow Sea and East China Sea. A, 2011 Bohai Cruise. B,
hological variations in the foraminifer Ammonia aomoriensis (Asano,
eoecol. (2016), http://dx.doi.org/10.1016/j.palaeo.2016.05.010
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2.1. Field collections
2.1.1. Collection of samples from intertidal areas of the Qingdao Bay
Qingdao Bay is an intertidal area located within the Jiaozhou Bay
(Fig. 1). Samples were collected every month over a 17 month period
from the low intertidal zone of Qingdao Bay (QDL) at low tide from
October 2010 to March 2012. At each sampling, salinity and tempera-
ture of the seawater were measured.
2.1.2. Collection of samples from the continental shelf area
During 2011 to 2014, four cruises were organized and a total of 78
surface sediment samples were collected. The 2011 Bohai Cruise was
performed by the China Coast Guard Ship. The 2012 Autumn Cruise
and 2014 Spring Cruise were carried out in the Yellow Sea and the
East China Sea, and were both performed by the Kexue 3 Ship of the
Institute of Oceanology, Chinese Academy of Sciences. The 2014 Jiaozhou
Bay cruisewas performed by the Research Vessel of Chuangxin. Sampling
locations and distribution of A. aomoriensis are shown in Fig. 1.
2.1.3. Sediment treatment
For the ecological distribution study, sediments were sampled by
using the Pushing-type Quantitative Layering Sampler with an inner
diameter of 6 cm, i.e., 28.26 cm2 in area (Lei et al., 2015). The top 1-cm
sediment core was sliced and was immediately ﬁxed using 95% ethanol
mixed with 1 g/L Rose Bengal such that live and dead specimens could
be distinguished. In the laboratory, sediments were dried in the oven
below 50 °C for 24 h andweighed and sieved through 0.150mmmeshes.
The foraminiferal specimens were concentrated by an isopycnic separa-
tion technique using tetrachloromethane (D = 1.59) and the residues
were also investigated. Specimens N0.150 mm in size were used for
species identiﬁcation, counting and enumeration. Microscopic observa-
tion and species identiﬁcation were done using a Nikon SMZ1500 at
180× magniﬁcation.
For the molecular study, sediment samples with living foraminifera
were collected from an intertidal ﬂat of the Qingdao Bay, Yellow Sea,
during the low tide from 2011 to 2014. Surface sediments were
scraped with a spoon and were transported to the laboratory. Different
morphotypes of A. aomoriensiswere picked from the collected samples
and used for molecular study.
2.2. DNA extraction, ampliﬁcation, cloning and sequencing
Living specimens of A. aomoriensis having different morphologies
viz. microspheric dextral, microspheric sinistral, megalospheric dextral
and megalospheric sinistral forms were isolated under the binocular.
Photographs were taken of each specimen used for DNA extraction
(Table 1). DNA was extracted from single specimens using guanidine
lysis buffer based on Pawlowski (2000) and Pawlowski et al. (2013).
Morphological details and accession numbers are given in Table 2. The
3′ fragment of the SSU rDNA gene was ampliﬁed and reampliﬁed using
primers s14F3-sB and 14F1-sB (Pawlowski, 2000). Ampliﬁed PCR prod-
ucts were puriﬁed using a Gel Extraction Kit (OMEGA, USA), cloned
with the TOPO TA Cloning Kit (Invitrogen) following the manufacturer's
instructions and transformed into competent Escherichia coli. Sequencing
reactions were performed using the Sanger Sequencing method from
Sangon Biotech (Shanghai Co., Ltd) and analyzed on an ABI-3730XLTable 1
PCR primers for ampliﬁcation and reampliﬁcation of SSU rDNA genes.
Name Sequence Forward Reverse 1st PCR 2nd PCR
newB tgccttgttcgacttctc x x x
s14F3 acgcamgtgtgaaacttg x x
s14F1 aagggcaccacaagaacgc x x
Please cite this article as: Lei, Y., et al., Environmental signiﬁcance of morp
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deposited in the EMBL/GenBank database (accession numbers
KT989508–KTK989510, KF023074).
2.3. Phylogenetic analysis
The obtained sequences were added to an existing database using
the Muscle automatic alignment option as implemented in Seaview
vs. 4.3.3 (Gouy et al., 2010). The alignment of SSU rDNA genes contained
1029 characters thatwere used for analysis. TheGC content ranges from
47.3% to 49.8%. Based onMEGA5 (Tamura et al., 2011), a HKY+Gmodel
of evolutionary changes was selected for the analysis. A phylogenetic tree
was constructed using amaximum likelihood (PhyML)method as imple-
mented in Seaview vs. 4.3.3. Bootstrap values are based on 100 replicates.
2.4. Counting of dextral/sinistral and microspheric/megalospheric forms
Coiling directions were determined by observing the dorsal side of
specimens. In dextrally coiled specimens new chambers are added in a
clockwise manner, while anti-clockwise addition gives a sinistrally
coiled specimen. Proloculus size was measured with the help of a grad-
uated eyepiece or a camera (Nikon DS-Ri1) mounted on the binocular
and linked to a screen. Proloculus morphology was observed under
the microscope and its size was measured. The proloculus size among
specimens varied from 20 μm to 70 μm, but mainly falling into two
different size spectra: a great many specimens having a proloculus
size around 25–35 μm, some other around 50–60 μm. Therefore in the
present study microspheric specimens are deﬁned by a proloculus size
up to 40 μm, in megalospheric specimen proloculus size is greater
than 40 μm.
2.5. Statistical analyses
Nonparametric Spearman correlation was used to evaluate the
relationship between morphological variables (microspheric sinistral,
microspheric dextral, megalospheric sinistral, megalospheric dextral)
and environmental parameters (sea water temperature and salinity)
(Fisher and Yates, 1963). The analyses were performed using the Statis-
tical Package for the Social Sciences (SPSS, version 15.0). Data were log
(x + 1) transformed to meet the assumptions of normality and homo-
geneity of variances. The equation between foraminiferal morphology
parameters and environmental factors was built by using SigmaPlot
12.5. The locations of sampling sites and distribution of A. aomoriensis
were visualized in Surfer (version 8.0, Golden Software Inc., Golden,
CO, USA).
3. Results
3.1. Morphological identiﬁcation
Before applying any technique which is based on foraminiferal data
to paleoclimatic reconstructions, correct identiﬁcation of the species is a
precondition. In literature, in many areas including for China Sea, some
confusion exist between three commonly occurring species namely Am-
monia beccarii, Ammonia tepida and A. aomoriensis (Lei and Li, 2015). In
order to show how A. aomoriensis differs from the other two species, we
presented the microphotographs of the all the forms (dimorphic and
different coiled specimens) sampled from the China Sea in Fig. 2. In
simple terms, A. beccarii has distinct ﬁlled umbilical area and sometime
even clear plug. A. tepida shows lobulate periphery, smooth wall and
inclined sutures. Whereas A. aomoriensis has umbilical area somewhat
like A. tepida but radial sutures, rounded periphery, especially has a
very porous wall structure (Lei and Li, 2015). To bring more clarity,
we have performed molecular study to settle the identiﬁcation of
A. aomoriensis.hological variations in the foraminifer Ammonia aomoriensis (Asano,
eoecol. (2016), http://dx.doi.org/10.1016/j.palaeo.2016.05.010
Table 2
Accession numbers and morphological details of investigated Ammonia aomoriensis specimens.
Sampling location Accession number Sequence length Morphological details Taxonomic references
Qingdao Bay, the Yellow Sea KFO23074 992 bp Microspheric/sinistral Present study
Qingdao Bay, the Yellow Sea KT989510 986 bp Megalospheric/sinistral Present study
Qingdao Bay, the Yellow Sea KT989509 981 bp Megalospheric/dextral Present study
Qingdao Bay, the Yellow Sea KT989508 1029 bp Microspheric/dextral Present study
North Sea AF190874 994 bp n.a. Langer and Leppig (2000)
North Sea AF190875 994 bp n.a. Langer and Leppig (2000)
North Sea AF190872 994 bp n.a. Langer and Leppig (2000)
North Sea AF190876 995 bp n.a. Langer and Leppig (2000)
North Sea AF190877 993 bp n.a. Langer and Leppig (2000)
North Sea AF190878 993 bp n.a. Langer and Leppig (2000)
North Sea AF190879 993 bp n.a. Langer and Leppig (2000)
Baltic Sea GQ853570 944 bp Dextral Schweizer et al. (2011)
Baltic Sea GQ853571 911 bp Dextral Schweizer et al. (2011)
Baltic Sea GQ853572 924 bp Dextral Schweizer et al. (2011)
Baltic Sea GQ853574 888 bp Dextral Schweizer et al. (2011)
Baltic Sea GQ853575 938 bp Dextral Schweizer et al. (2011)
China, Yalu Jiang FR839691 988 bp Microspheric/sinistral http://forambarcoding.unige.ch/
China, Yalu Jiang FR839692 988 bp Microspheric/sinistral http://forambarcoding.unige.ch/
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The newly obtained sequences cluster within the monophyletic
group of A. aomoriensis (Fig. 3) that is supported by high bootstrap
values (100%). The A. aomoriensis clade branches as sister to the clades
of Ammonia aoteana (100% BV) and Ammonia aberdoveyensis (100% BV).
The branching is moderately well supported (76% BV). The sequences of
Ammonia falsobeccarii and Ammonia batava (99% BV) cluster at the base
of all other Ammonia groups.
3.3. Distribution and ecology of A. aomoriensis
Seasonal variation of A. aomoriensis in intertidal zone of the Qingdao
Bay and distribution of A. aomoriensis in continental shelf sediments
were studied by Lei and Li (2015). In this study we combined the data
from Lei and Li (2015) and our new investigations from the Bohai
Sea, the Yellow Sea and the East China Sea (Fig. 1). Distribution of
A. aomoriensis and the correlations of the abundance of this speciesA B
E F
Fig. 2.Morphology of Ammonia aomoriensis (Asano, 1951). a, b) microspheric sinistral specim
sinistral specimen; g, h) megalospheric dextral specimen in dorsal and ventral views. Scale
f) and the continental shelf of the Yellow Sea (e, f).
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1951) and its molecular identiﬁcation:..., Palaeogeogr. Palaeoclimatol. Palawith temperature, salinity and water depth were studied and are
shown in Tables 3 and 4. In intertidal areas, the abundance of
A. aomoriensis was signiﬁcantly positively correlated with salinity,
but not correlated with temperature. In continental shelf sediments,
the abundance of A. aomoriensiswas signiﬁcantly negatively correlated
with the water depth, but not correlated with temperature or salinity
(Table 4).
3.4. Coiling direction and dimorphic forms
Within the investigated samples, A. aomoriensis was very plenty in
the Jiaozhou Bay, including the Qingdao Bay (Table 3). Since Qingdao
Bay and Jiaozhou Bay are within the same sea area (Fig. 1), we isolated
a total of 667 specimens from this area used for morphological studies
(Table 5). Of the 667 specimens, 525 are microspheric and 142 are
megalospheric. The range of the proloculus size varied from 20 to
70 μm. The upper limit for microspheric forms was set at a proloculus
size of 40 μm. The average microspheric proloculus size is 32 μm andC D
G H
en in dorsal and ventral views; c, d) microspheric dextral specimen; e, f) megalospheric
bars = 200 μm. Note that the specimens were sampled from Qingdao Bay (a–d, g, h, e,
hological variations in the foraminifer Ammonia aomoriensis (Asano,
eoecol. (2016), http://dx.doi.org/10.1016/j.palaeo.2016.05.010
Fig. 3. PhyML phylogenetic tree showing evolutionary relationships of Ammonia spp. inferred from 37 ribosomal DNA sequences. Numbers at node indicate bootstrap values. Newly
obtained sequences of A. aomoriensis are framed in gray. Detailed information on the sampling locality and reference concerning A. aomoriensis were listed in Table 2.
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specimens, 290 showed dextral and 377 sinistral coiling. The details are
presented in Table 5.
The relationship of various combinations of dimorphic forms and
coiling directions with temperature and salinity is exhibited in Table 6.
Microspheric forms and the ratio of microspheric/megalospheric
forms were signiﬁcantly positively correlated with salinity. But coiling
directions did not show any salinity preference. Neither dimorphic
forms nor coiling directions were correlated with temperature. The
equation between salinity and the abundance of microspheric form is:
Salinity = 30.4496 + (2.0439 × log(N + 1)), where N = microspheric
abundance (r = 0.695, p b 0.0001; Table 6). The equation between
salinity and microspheric/megalospheric ratio is: Salinity = 29.7035 +Please cite this article as: Lei, Y., et al., Environmental signiﬁcance of morp
1951) and its molecular identiﬁcation:..., Palaeogeogr. Palaeoclimatol. Pala(6.3934× log(N+ 1)),whereN= the ratio ofmicrospheric/megalospheric
forms (r=0.719, p b 0.0001; Table 6). In addition, there are no signiﬁcant
correlations between dimorphic forms and coiling directions. Although
statistical result showed that microspheric form was correlated
with both sinistral and dextral coiling directions, it also means that
microspheric form correlated to neither (Table 7).
4. Discussion
4.1. Molecular identiﬁcation
A number of phylogenetic studies based on molecular data were
carried out for the genus Ammonia (Holzmann and Pawlowski,hological variations in the foraminifer Ammonia aomoriensis (Asano,
eoecol. (2016), http://dx.doi.org/10.1016/j.palaeo.2016.05.010
Table 3
The occurrence of the Ammonia aomoriensis in China Seas with respective total and living abundance (individuals g−1 sEd.). Sea area contains the following abbreviations: BS, Bohai Sea;
QDB, Qingdao Bay; JZB, Jiaozhou Bay; YS, Yellow Sea; ECS, East China Sea.
Samples Sea area Date Temperature (°C) Salinity (‰) Water depth (m) Location Total abundance Living abundance
2010-10-22QDL QDB 2010-10-22 19.00 32.00 Low intertidal 36°00ʹN 120°30′E 0.00 0.00
2010-11-23QDL QDB 2010-11-23 15.00 34.00 Low intertidal 36°00ʹN 120°30′E 0.00 0.00
2010-12-23QDL QDB 2010-12-23 8.00 34.00 Low intertidal 36°00ʹN 120°30′E 0.00 0.00
2011-01-22QDL QDB 2011-01-22 3.00 36.00 Low intertidal 36°00ʹN 120°30′E 2.14 1.07
2011-02-28QDL QDB 2011-02-28 3.20 36.00 Low intertidal 36°00ʹN 120°30′E 9.40 4.91
2011-03-20QDL QDB 2011-03-20 9.00 34.00 Low intertidal 36°00ʹN 120°30′E 3.85 2.56
2011-04-18QDL QDB 2011-04-18 10.50 34.00 Low intertidal 36°00ʹN 120°30′E 4.49 3.21
2011-05-17QDL QDB 2011-05-17 14.10 33.00 Low intertidal 36°00ʹN 120°30′E 9.62 2.56
2011-06-13QDL QDB 2011-06-13 22.00 32.00 Low intertidal 36°00ʹN 120°30′E 9.19 2.14
2011-07-05QDL QDB 2011-07-05 21.30 31.00 Low intertidal 36°00ʹN 120°30′E 2.78 1.50
2011-08-30QDL QDB 2011-08-30 24.90 31.00 Low intertidal 36°00ʹN 120°30′E 4.70 2.35
2011-09-29QDL QDB 2011-09-29 23.70 32.00 Low intertidal 36°00ʹN 120°30′E 0.00 0.00
2011-10-29QDL QDB 2011-10-29 19.00 32.00 Low intertidal 36°00ʹN 120°30′E 0.21 0.00
2011-11-28QDL QDB 2011-11-28 12.00 34.00 Low intertidal 36°00ʹN 120°30′E 8.97 7.26
2011-12-26QDL QDB 2011-12-26 9.00 38.00 Low intertidal 36°00ʹN 120°30′E 11.11 7.26
2012-01-12QDL QDB 2012-01-12 5.00 36.00 Low intertidal 36°00ʹN 120°30′E 11.54 11.4
2012-02-10QDL QDB 2012-02-10 7.50 38.00 Low intertidal 36°00ʹN 120°30′E 6.20 3.85
B2 JZB 2014-05-09 15.788 30.971 4.4 36°07′N 120°11′E 6.40 3.86
C1 JZB 2014-05-09 15.424 30.955 5.4 36°06′N 120°10′E 11.6 7.49
A3 JZB 2014-05-09 15.57 30.84 5.5 36°09′N 120°15′E 3.50 1.32
D3 JZB 2014-05-14 14.5 30.757 5.5 36°02′N 120°13′E 0.50 0.35
C4 JZB 2014-05-09 14.42 30.817 5.8 36°06′N 120°17′E 0.70 0.33
A5 JZB 2014-05-09 15.213 30.789 7.7 36°09′N 120°19′E 1.30 0.78
D7 JZB 2014-05-09 14.091 30.773 12.0 36°02′N 120°22′E 0.40 0.00
C3 JZB 2014-05-09 13.803 30.88 16.0 36°06′N 120°15′E 0.30 0.15
D6 JZB 2014-05-15 14.132 30.777 26.0 36°00′N 120°21′E 0.10 0.04
St26 BS 2011-12-19 2.86 30.793 25.0 39°00′N 119°30′E 0.73 0.16
StA8 BS 2011-12-18 3.34 30.682 25.0 38°29′N 119°52′E 0.30 0.20
St6 BS 2011-12-18 2.25 30.511 26.0 38°30′N 120°10′E 0.04 0.02
St19 BS 2011-12-18 2.98 30.531 25.0 38°25′N 120°04′E 0.00 0.00
St11 BS 2011-12-18 3.46 30.706 27.0 38°23′N 120°06′E 0.00 0.00
St36 BS 2011-12-18 3.29 30.588 27.0 38°22′N 120°07′E 0.36 0.16
St22 BS 2011-12-18 2.36 30.295 26.0 38°21′N 120°08′E 0.79 0.40
St14 BS 2011-12-18 3.3 30.697 24.0 38°16′N 120°06′E 0.11 0.05
St31 BS 2011-12-18 4.25 30.11 27.0 38°10′N 120°07′E 0.20 0.05
DH1-7 ECS 2012-11-28 18.6351 33.0499 61.6 31°59′N 125°30′E 0.00 0.00
DH1-8 ECS 2012-11-28 19.7446 33.9839 79.5 32°00′N 126°00′E 0.00 0.00
DH2-2 ECS 2012-11-20 20.5766 33.5715 53.6 31°00′N 123°29′E 0.04 0.02
DH2-4 ECS 2012-11-19 19.6487 33.2986 47.7 31°00′N 124°30′E 0.00 0.00
DH2-7 ECS 2012-11-19 20.4245 33.2721 66.5 30°59′N 125°58′E 0.00 0.00
DH3-2 ECS 2012-11-18 21.0391 33.1964 48.7 30°00′N 122°59′E 0.00 0.00
DH3-4 ECS 2012-11-18 20.9759 33.6412 61.6 30°00′N 124°00′E 0.00 0.00
DH3-7 ECS 2012-11-19 20.8862 33.6198 61.6 29°59′N 125°30′E 0.00 0.00
DH4-2 ECS 2012-11-16 22.1356 33.7017 66.5 29°19′N 123°22′E 0.00 0.00
DH4-4 ECS 2012-11-16 22.1958 33.8619 69.5 28°52′N 124°13′E 0.00 0.00
DH4-6 ECS 2012-11-15 19.7551 34.3437 100.3 28°25′N 125°01′E 0.00 0.00
DH5-2 ECS 2012-11-14 20.9948 34.2356 60.6 28°47′N 122°49′E 0.00 0.00
DH5-5 ECS 2012-11-14 20.4423 34.3126 85.4 28°10′N 123°52′E 0.00 0.00
DH6-2 ECS 2012-11-10 19.7142 34.5278 60.6 28°16′N 122°25′E 0.00 0.00
DH6-4 ECS 2012-11-10 20.4225 34.4704 84.4 27°47′N 123°12′E 0.00 0.00
DH7-2 ECS 2012-11-09 21.2725 34.5542 75.5 27°37′N 122°07′E 0.00 0.00
DH8-2 ECS 2012-11-08 23.5843 33.4777 57.6 27°11′N 121°30′E 0.00 0.00
DH9-2 ECS 2012-11-07 24.2036 33.6116 70.5 26°35′N 121°07′E 0.15 0.00
CJ-01 YS 2012-11-27 14.0269 30.3106 26.9 31°39′N 122°30′E 0.00 0.00
CJ-02 YS 2012-11-27 17.5403 31.5886 40.0 31°49′N 122°59′E 0.24 0.07
CJ-04 YS 2012-11-28 17.0205 32.0839 42.0 32°10′N 124°00′E 0.18 0.00
CJ-06 YS 2012-11-28 18.0769 32.7415 55.2 32°29′N 125°00′E 0.00 0.00
3300-04 YS 2012-11-29 15.6054 31.3510 32.9 32°59′N 122°59′E 0.00 0.00
3300-06 YS 2012-11-28 16.9996 32.4105 50.0 33°00′N 123°58′E 0.00 0.00
3400-02 YS 2012-12-01 11.6355 29.1496 17.6 34°00′N 120°59′E 0.00 0.00
3400-05 YS 2012-12-02 13.7491 31.1224 40.0 34°00′N 122°30′E 0.00 0.00
3400-06 YS 2012-12-02 12.0008 31.9079 67.8 33°59′N 123°00′E 0.00 0.00
3400-08 YS 2012-12-02 10.0132 32.9447 80.0 33°59′N 123°58′E 0.36 0.00
3500-02 YS 2012-12-11 10.6848 30.8166 30.0 35°00′N 120°00′E 0.37 0.00
3500-06 YS 2012-12-11 12.3127 31.1420 52.0 34°59′N 121°59′E 0.00 0.00
3500-08 YS 2012-12-12 9.2502 33.2272 72.0 34°59′N 123°00′E 0.00 0.00
3500-10 YS 2012-12-12 9.6209 33.3896 81.0 35°00′N 123°59′E 0.00 0.00
3600-02 YS 2012-12-13 10.3526 31.1083 33.8 35°59′N 121°00′E 0.00 0.00
3600-04 YS 2012-12-13 9.8025 31.1311 44.0 35°59′N 122°00′E 0.00 0.00
3600-06 YS 2012-12-12 9.1946 32.9752 70.0 35°58′N 123°00′E 0.00 0.00
3600-08 YS 2012-12-12 9.1246 33.3124 78.0 36°00′N 123°59′E 0.00 0.00
3700-01 YS 2012-12-15 7.5355 30.3110 29.0 36°58′N 122°59′E 0.00 0.00
3800-02 YS 2012-12-16 8.3532 31.9572 59.0 38°00′N 122°59′E 0.00 0.00
3875-01 YS 2012-12-19 7.3866 31.6242 51.0 38°44′N 121°59′E 0.00 0.00
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Table 3 (continued)
Samples Sea area Date Temperature (°C) Salinity (‰) Water depth (m) Location Total abundance Living abundance
3875-03 YS 2012-12-20 7.7989 31.8819 55.0 38°44′N 127°00′E 0.00 0.00
B-03 YS 2012-12-19 7.7232 31.6696 50.0 38°25′N 121°57′E 0.00 0.00
B-06 YS 2012-12-19 8.0110 31.4775 41.0 37°51′N 122°20′E 0.00 0.00
3000-2 YS 2014-06-11 22.33 34.27 42.8 29°59′N 123°00′E 0.54 0.27
CJ-01 YS 2014-06-08 22.4 31.73 29.4 31°40′N 122°29′E 0.11 0.00
CJ-06 YS 2014-06-08 20.3 31 58.0 32°30′N 124°59′E 0.29 0.00
3300-04 YS 2014-06-07 20.6 30.87 33.0 33°00′N 122°59′E 0.37 0.29
3400-06 YS 2014-06-06 18.9 31.59 68.5 34°00′N 122°59′E 0.00 0.00
3500-08 YS 2014-06-05 22.2 31.8 72.5 34°59′N 122°59′E 0.00 0.00
3600-02 YS 2014-05-27 18.3 31.3 33.0 35°59′N 120°59′E 0.00 0.00
3600-04 YS 2014-05-27 21.1 30.7 44.0 36°00′N 121°59′E 0.00 0.00
3600-06 YS 2014-05-27 20.6 31.5 70.0 35°59′N 122°58′E 0.00 0.00
3600-08 YS 2014-05-28 20.6 32.3 78.0 35°59′N 123°59′E 0.00 0.00
3700-01 YS 2014-05-28 19.1 30.9 30.0 37°00′N 123°00′E 0.00 0.00
DH5-1 ECS 2014-06-06 22.3554 30.5521 42.0 29°08′N 122°28′E 0.00 0.00
DH5-2 ECS 2014-06-05 23.1756 32.6714 64.0 28°53′N 122°51′E 0.00 0.00
DH5-3 ECS 2014-06-05 24.2002 33.6872 75.0 28°38′N 123°16′E 0.00 0.00
DH7-1 ECS 2014-05-30 21.5805 31.4644 49.0 27°48′N 121°05′E 0.00 0.00
DH7-3 ECS 2014-05-31 25.0043 34.0544 92.0 27°27′N 122°25′E 0.00 0.00
DH9-1 ECS 2014-05-26 21.245 29.4623 49.0 26°45′N 120°50′E 0.00 0.00
DH9-3 ECS 2014-05-26 24.5402 34.0851 78.0 26°24′N 121°26′E 0.00 0.00
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et al., 2004). A. aomoriensis has been characterized by molecular
and morphological data in a study published by Hayward et al.,
2004. The latter authors used a fragment of the LSU rDNA for their
phylogenetic studies while our work is based on a fragment of SSU
rDNA. For some specimens of A. aomoriensis used in the Hayward
et al. (2004) study, partial SSU rDNA has been sequenced as well,
the sequences are available at the ForamBarcoding website: http://
forambarcoding.unige.ch/.
The sequences obtained in this study show that the different
morphological variants (sinistral/dextral, microspheric/megalospheric)
all branch within the A. aomoriensis clade. The clade comprises additional
sequences from the Baltic Sea (Schweizer et al., 2011), the North Sea
(Langer and Leppig, 2000) and the Yellow Sea (Yalu Jiang) (http://
forambarcoding.unige.ch/), (Table 2). The different morphotypes
sequenced for this study cannot be separated genetically. The
A. aomoriensis clade is genetically very homogenous, pairwise distances
range from 0.001 to 0.079, the overall mean distance is 0.012.
4.2. Distribution of A. aomoriensis in intertidal and continental shelf
sediments
Our results reveal a preference of A. aomoriensis for high intertidal
habitats where the species is more abundant in relation to the total
proportion of foraminifera than in low intertidal zones. However, the
dynamics of this species in both areas are seasonal, and show a similarTable 4
Correlations between the abundance of Ammonia aomoriensis and environmental temperature
ments of the Yellow Sea and the East China Sea.
Ammonia aomoriensis r value p value
Intertidal area
Living abundance (N) Temperature (T) −0.4336 0.0821
Salinity (S) 0.5377 0.0260
Total abundance (N) Temperature (T) −0.3272 0.1998
Salinity (S) 0.4222 0.0913
Continental shelf sediments
Living abundance (N) Temperature (T) −0.0503 0.6616
Salinity (S) −0.2175 0.0558
Depth (D) −0.4699 b0.0001
Total abundance (N) Temperature (T) −0.0869 0.4493
Salinity (S) −0.2560 0.0237
Depth (D) −0.5199 b0.0001
p-Values beneath 0.05 are marked in bold and italic.
Please cite this article as: Lei, Y., et al., Environmental signiﬁcance of morp
1951) and its molecular identiﬁcation:..., Palaeogeogr. Palaeoclimatol. Palapattern of high abundance in autumn and winter season and low
abundance in spring and summer time. From high to low intertidal
area, both living and totalA. aomoriensisdecrease in terms of abundance
and proportion.
Lei and Li (2015) summarized the distribution of A. aomoriensis and
found signiﬁcant positive correlations between salinity and living
A. aomoriensis in the intertidal area. A signiﬁcant negative correlation
wasdetected betweenwater depth andA. aomoriensis in the continental
shelf area (Table 4). The abundance of A. aomoriensis is linked to the
habitat: in intertidal areas the relative abundance of A. aomoriensis is
about 20%; in continental shelf b20mwater depth the relative abundance
of A. aomoriensis decreases to about 15%; in continental shelf 20–90 m
water depth the relative abundance of A. aomoriensis is reduced to 0.6%
(Table 3).
4.3. Coiling direction and dimorphic forms
Coiling direction is the most commonly studied morphological
variable exhibited by foraminifera (reviews by Scott, 1974 and
Kennett, 1976; Hallock and Larsen, 1979; Kalia and Chowdhury,
1983; Healy-Williamsel et al., 1983; Hallock, 1986; Corliss and
Chen, 1988; Renzi, 1988; Collins, 1990, Galeotti and Coccioni, 2002
and many others) with-emphasis on their value as a tool for local
stratigraphic correlation and/or paleoclimatic studies. In the present
study we also attempted to see whether a relationship between
coiling direction and environmental factors (temperature, salinity), salinity and depth at intertidal sediments of the Qingdao Bay and continental shelf sedi-
Specimens Stations Equations
213 17 –
213 17 S = 32.4191 + 3.2972 × log(N + 1)
404 17 –
404 17 –
188 78 –
188 78 –
188 78 D = 51.3116− 79.5125 × lg(N + 1)
372 78 –
372 78 –
372 78 D = 52.9348− 67.6472 × lg(N + 1)
hological variations in the foraminifer Ammonia aomoriensis (Asano,
eoecol. (2016), http://dx.doi.org/10.1016/j.palaeo.2016.05.010
Table 5
Dimorphism and coiling direction in investigated A. aomoriensis specimens from the Qingdao Bay and the Jiaozhou Bay.
Samples Total number of
specimens
Microspheric-sinistral
specimens
Microspheric-dextral
specimens
Megalospheric-sinistral
specimens
Megalospheric-dextral
specimens
Sediment dry
weight (g)
2011-01-22QDL 10 4 5 1 0 4.68
2011-02-28QDL 44 23 18 3 0 4.68
2011-03-20QDL 18 4 11 0 3 4.68
2011-04-18QDL 21 11 8 1 1 4.68
2011-05-17QDL 45 22 22 1 0 4.68
2011-06-13QDL 43 22 19 2 0 4.68
2011-07-05QDL 13 8 4 1 0 4.68
2011-08-30QDL 22 15 6 1 0 4.68
2011-10-29QDL 1 0 0 1 0 4.68
2011-11-28QDL 42 25 14 3 0 4.68
2011-12-26QDL 52 25 26 1 0 4.68
2012-01-12QDL 54 34 20 0 0 4.68
2012-02-10QDL 29 16 12 1 0 4.68
B2 89 34 18 19 18 14.25
C1 54 21 17 8 8 15.94
A3 35 6 5 10 14 26.92
D3 64 24 14 14 12 5.34
C4 6 1 1 0 4 20.04
A5 8 5 1 2 0 12.07
D7 14 1 1 5 7 25.90
C3 2 0 1 1 0 25.81
D6 1 1 0 0 0 2.46
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both dextral and sinistral forms do not show signiﬁcant correlations
with either temperature or salinity. Obviously, both dextral and sinistral
forms having high correlations with salinity is due to increasing the
number of this species, and this can be explained by Table 4 that total
abundance is positively correlated to salinity. Regardless, dextral orTable 6
Spearman's correlation analysis showing relationship of dimorphic formand coilingdirection
with temperature and salinity. Note that all the analyses were based on A. aomoriensis
specimens from 22 samples of the Qingdao Bay and the Jiaozhou Bay. p-Values beneath
0.05 are marked in asterisks and bold.
Spearman correlation Temperature Salinity
Temperature Correlation coefﬁcient
(r value)
1.000 − .517⁎
Sig. (p value) . .014
Microspheric-sinistral Correlation coefﬁcient
(r value)
− .214 .684⁎⁎
Sig. (p value) .340 .000
Microspheric-dextral Correlation coefﬁcient
(r value)
− .248 .741⁎⁎
Sig. (p value) .266 .000
Megalospheric-sinistral Correlation coefﬁcient
(r value)
.254 .149
Sig. (p value) .254 .509
Megalospheric-dextral Correlation coefﬁcient
(r value)
.164 − .352
Sig. (p value) .466 .109
Sinistral Correlation coefﬁcient
(r value)
− .147 .621⁎⁎
Sig. (p value) .515 .002
Dextral Correlation coefﬁcient
(r value)
− .194 .649⁎⁎
Sig. (p value) .386 .001
Microspheric Correlation coefﬁcient
(r value)
− .195 .695⁎⁎
Sig. (p value) .384 .000
Megalospheric Correlation coefﬁcient
(r value)
.189 − .001
Sig. (p value) .400 .997
Dextral/sinistral (ratio) Correlation coefﬁcient
(r value)
− .274 − .005
Sig. (p value) .217 .981
Microspheric/megalospheric Correlation coefﬁcient
(r value)
− .159 .719⁎⁎
Sig. (p value) .502 .000
Please cite this article as: Lei, Y., et al., Environmental signiﬁcance of morp
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sion that coiling direction was not affected by the salinity.
Nigam (1986)was ﬁrst to suggest that dimorphic ratios in forami-
nifera could be used as an indicator for paleoclimatic events. In the
present study dimorphic forms do not show a signiﬁcant relationship
with temperature (Table 6). However, microspheric forms are signiﬁ-
cantly correlated with salinity. As in Table 4, A. aomoriensis is positively
correlated with the salinity and 80% species is microspheric (Table 5),
and the same result is reﬂected in Table 5. The ratio of microspheric/
megalospheric exhibited signiﬁcantly positivecorrelation with salinity
(r = 0.719, p b 0.001). Our results are in agreement with previous
studies (Nigam and Rao, 1987, Panchang and Nigam, 2012), who
concluded that mean proloculus size (MPS) is inversely proportional
to salinity conditions and who used this technique to reconstruct
past monsoon conditions in the Arabian Sea and the Bay of Bengal.
The signiﬁcant relationship of microspheric forms with salinity has
wide ranging implications concerning its applicability in paleoclimatic
reconstructions. A higher number of microspheric forms or a high
ratio of microspheric/megalospheric forms in any core samples will
indicate higher salinity and thus lower discharges from rivers. If cores
are carefully selected in proximity of river mouths, such results are
expected to be in tune with paleomonsoonal ﬂuctuations, which opens
new avenues for paleoclimatic research.5. Conclusions
Based on our analyses the following conclusions are drawn:Table 7
Spearman's correlation analysis showing relationship between dimorphic form and
coiling direction. Note that all the analyses were based on A. aomoriensis specimens from
22 samples of the Qingdao Bay and the Jiaozhou Bay. p-Values beneath 0.05 aremarked in
asterisks.
Sinistral Dextral
Microspheric Correlation coefﬁcient (r value) .947⁎⁎ .931⁎⁎
Sig. (p value) .000 .000
Megalospheric Correlation coefﬁcient (r value) .323 .380
Sig. (p value) .143 .081
hological variations in the foraminifer Ammonia aomoriensis (Asano,
eoecol. (2016), http://dx.doi.org/10.1016/j.palaeo.2016.05.010
9Y. Lei et al. / Palaeogeography, Palaeoclimatology, Palaeoecology xxx (2016) xxx–xxxi) The molecular identiﬁcation of different morphotypes (dextral/
sinistral, microspheric/megalospheric) shows that all specimens
branch within the A. aomoriensis clade.
ii) The distribution of A. aomoriensis in the study areas suggests that
this species prefers shallow water intertidal habitats, it shows
positive correlationswith salinity and its abundance is negatively
correlated with water depth.
iii) The ratio of microspheric/megalospheric has a signiﬁcant positive
relationship with salinity. The equation between salinity and
microspheric/megalospheric ratio is: Salinity = 29.7035 +
(6.3934 × log(N + 1)), where N = the ratio of microspheric/
megalospheric. The relationships observed with salinity can be
used to reconstruct past changes in salinity (related to runoff
from rivers in coastal areas) and thus monsoonal rainfall through
subsurface sediments from coastal areas off the Yellow Sea.
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